In Drosophila, TIM partners with PER through the PER PAS domain, but TIM itself shares no modular motif with other proteins of known function in the database, apart from clearly related homologs (Zylka et al., 1998) . All of these components disrupt rhythmicity when absent and cycle at the mRNA and protein levels, suggesting they play roles in the central oscillator itself.
Our cloning and characterization of ZEITLUPE (ZTL) now identifies a novel class of molecule that is closely associated with the control of circadian period in plants. The predicted ZTL protein consists of a PAS-like LOV domain, an F box domain, and six kelch repeats. We observe strong light-dependent effects of ZTL mutations on period length, consistent with the presence of a domain (LOV) in this molecule responsible for flavin binding in known blue light photoreceptors. The F box motif is found in proteins that target specific substrates for proteolytic degradation, while kelch domains are likely to facilitate protein-protein interactions. Together, these motifs point to the possible identification of an element of a novel, light-regulated proteolytic system involved in the degradation of components of the circadian clock.
Results

Mutations at ZTL Alter a Wide Range of Clock-Controlled Processes
A search for period-altering mutations was conducted in Arabidopsis thaliana using a luminescence-based phenotype. Plants homozygous for the morning-phased clock-controlled reporter gene, CAB2::luciferase (CAB2:: luc), were mutagenized and screened for individuals with altered periods of free-running luminescence rhythms (Millar et al., 1992 (Millar et al., , 1995a ). An initial long period mutant was identified and mapped to the bottom of chromosome 5 (data not shown). The mutation at this locus (ZEITLUPE, ZTL; slow motion [G]) increases the freerunning period of the luminescence rhythm in white light by more than 3 hr ( Figure 1A ). This mutation is codominant (data not shown) and has no significant effect on the amplitude of the rhythm ( Figure 1A ) or on the morphology or appearance of the plants (data not shown). A second allele (ztl-2) exhibits quantitatively similar phenotypes (data not shown). To determine how pervasively mutations at this locus affect the circadian clock, we examined a wider range of circadian phenotypes in the ztl background. (Ϯ SD) produced by the end of flowering and the number of days to flowering (1 cm high bolt) under long days (16:8) and short days days, allowed to free-run in white light for 77 hr and harvested at 3 hr intervals over the time course indicated. RNA blots were hybrid-(8:16) for wild type (C24 ecotype) and two 5ϫ backcrossed populations of ztl-1. * indicates mean value is significantly different from ized with a CCR2 DNA probe and quantitated relative to rRNA levels using an rDNA probe.
WT (P Ͻ .001); n ϭ 15-21.
in white light (Table 1 ; Figure 1A ) may result from the (Engelmann and Johnsson, 1998) . To test the effects of the ztl mutations on circadian-regulated prowith ztl-2 (data not shown). However, period length is strongly dependent on fluence rate under both light cesses other than gene expression, we measured the free-running period of cotyledon and leaf movement qualities. At the highest RL intensities period length in ztl-1 is 2-3 hr longer than WT, and increases to nearly rhythms in Arabidopsis seedlings. Period length in both of the ztl mutant backgrounds was increased by 4-5 hr, 10 hr over a two-order magnitude decrease in fluence rate (Figure 2) . Similarly, over a 30-fold decrease in BL relative to WT ( Figure 1C ; Table 1 ). The slightly stronger effect of ztl mutations on the lengthening of the period intensity, the difference between ztl-1 and WT period increases from 4 hr to more than 8 hr (Figure 2 ). of organ movement, compared to the CAB2::luc rhythm 
ZTL Mediates Light Signaling to the Circadian Clock with Little Effect on Photomorphogenesis
In addition to control by the circadian clock, the CAB2 promoter is strongly and rapidly up-regulated by light. When dark-grown seedlings are given a short pulse of light and returned to darkness there is an acute rise in promoter activity followed by subsequent cycling of expression that is clock-regulated and independent of the magnitude of the acute peak ( Figure 3A The extent of the acute peak in ztl-1 is identical to WT, but the second peak occurs 6 hr later than WT ( Figure 3A ). In addition, over a 6-to 10-fold range of either RL or BL pulses, there were no consistent significant differences between ztl-1 and WT in the extent of the rise or timing of the acute response (data not shown). These results show that ZTL acts independently of BLand RL-mediated acute induction of CAB2 expression, but is involved in controlling period length of the clock in etiolated, nonchlorophyllous seedlings as shown from the later phase of the second peak in expression.
Light-regulated control of hypocotyl extension involves phytochrome (phy) and cryptochrome (cry) photoreceptors to initiate light signaling within these cells (Casal and Mazzella, 1998; Neff and Chory, 1998). As deficiencies in these receptors also alter circadian period (Somers et al., 1998a), we wished to determine if ZTL acts prior to or after the putative branchpoint separating phototransduction to the clock from photomorphogenesis. Over a 20-fold decrease in BL fluence rate, hypocotyl length in ztl-1 increased more than 3-fold and was nearly identical to WT at all intensities tested In both WT and ztl-1 backgrounds there was no evidence of either light regulation of ZTL mRNA abundance that the majority of key residues, and the spacing between them, are conserved in ZTL and the two paralogs (Figure 6 ), or of circadian regulation of transcript levels (data not shown). These results also show that the ztl-1 ( Figure 5C ). In all alignments identical amino acids are boxed in black; gray shading indicates functionally conservative substitutions in more than half the comparisons. All alignments were obtained using Clustal with some manual adjustments. altered period length. One possible alternative is that a BL-activated and RL-activated state of ZTL may form under the respective light qualities, with the former specific for clock-related processes and the latter more broadly acting.
The ztl-1 period phenotype is strongly light-dependent (Figure 2 ), yet even at the lowest fluence rates tested the mean level and amplitude of the luminescence rhythm is wild type (data not shown). This observation is confirmed by the wild-type acute response to light seen in ztl-1 dark-grown plants ( Figure 3A) , and supports the notion that ZTL acts only on the clockcontrolled component of gene transcription. Whereas individual photoreceptors act over a limited range of fluence rates (Somers et al., 1998a) , the ztl mutations affect period at high and low fluences of RL and BL suggesting that ZTL acts downstream of a convergence of photoreceptors. Alternatively, ZTL may be a novel The PAS domain is the only protein motif that is shared effect on flowering time also suggests that photopericommonly among the characterized circadian clocks odic timing, a less direct measure of circadian clock in eukaryotes (Dunlap, 1999) . It has been found in an function, is compromised by the mutation. Taken toincreasing number of signaling proteins (Taylor and gether ( Figures 1A-1D 
